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a b s t r a c t
Although demineralized bone matrix has been considered a successful grafting material, combining both osteo-
conductive and osteoinductive properties, conﬂicting results have been published in the literature regarding its
bone-inducing abilities. This may be a consequence of following different demineralization procedures that naturally
result in products with different properties.
The present work examines the evaluation of the demineralization process of similar samples of human cortical
bone using three different concentrations of hydrochloric acid solutions (0.6M, 1.2M and 2.4M). Sample calcium con-
tent was determined (by Atomic Absorption Spectroscopy) at various immersion times, allowing the construction of
the corresponding kinetic proﬁles. Phase and chemical composition were enabled by X-Ray Diffraction Spectroscopy
and Fourier Transform Infrared Analysis, respectively. Structural modiﬁcations were followed by Light and Scanning
Electron Microscopy and quantiﬁed by mercury porosimetry (in terms of porosity and pore size distribution).
As expected, increasing the acid concentration led to an increase in the demineralization rate, but not in a pro-
portional way. However, one of the most signiﬁcant effects of the acid concentration was found on the sample
structural features. In fact, a considerable increment in porosity was detected for the sample subjected to the high-est hydrochloric acid concentration. Microscopic observations demonstrated that despite the structural deformation
resultant from demineralization, the basic microstructure was preserved.
© 2010 The Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
Keywords: Human bone; Demineralization; Kinetics; XRD; FTIR; Porosity
to products with distinct biological, chemical and morpho-1. Introduction
Demineralized bone matrix (DBM) is often applied in ortho-
pedics, periodontics, oral and maxillofacial surgery because
of its inherent osteoconductive and osteoinductive proper-
ties (Bauer and Muschler, 2000; Eppley et al., 2005). It can be
used either alone (Libin et al., 1975; Morone and Boden, 1998;
Pietrzak et al., 2005) or in combination with bone marrow,
autogenous bone graft, or other materials (Nade and Burwell,
1977; Kim et al., 2002; Kucukkolbasi et al., 2009). After surface
manipulation (namely by chemical modiﬁcation), demineral-
ized bonehas also been foundpromising as an effective carrier
for therapeutic delivery in bone infective sites (Murugan and
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tures, being easily shaped to ﬁll osteochondral lesions with
different shapes and sizes (Costa et al., 2001).
Although it is recognized that the process of deminer-
alization exposes proteins, growth factors (speciﬁcally the
bone morphogenetic proteins (BMPs)) and other bioactive
molecules (Urist, 1965; Tuli and Singh, 1978; Katz et al., 2008),
the biological bases for the bone-inducing abilities of DBM
remain obscure (Colnot et al., 2005). Besides, the demineral-
ization procedure might affect DBM characteristics, yieldingail.com (S. Cunha), agtmartins@gmail.com (G. Martins),
ueiredo@fmed.uc.pt (H. Figueiredo).
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logical properties. This inevitably leads to distinctive ﬁnal
performances, including osteoinductive potential (Lee et al.,
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005; Lomas et al., 2001; Peterson et al., 2004; Bae et al., 2006),
hich can justify the conﬂicting results found in the litera-
ure. In fact, different demineralization protocols have been
dopted (Nade and Burwell, 1977; Walsh and Christiansen,
995; Zhang et al., 1997), using not only different acids (and
cid concentrations) but also different grafting materials (cor-
ical or cancelous bone) under distinct conﬁgurations (from
ong bone to blocks and particles with different shape and size
haracteristics). In addition, donor speciﬁcations (Lohmann et
l., 2001; Traianedes et al., 2004) and preservation methods
freeze-dried or fresh frozen) (Martin et al., 1999; Schwartz et
l., 1996) have also proven to inﬂuence the properties of DBM.
urthermore, correlations with morpho-structural changes
aused by demineralization are seldom described in the lit-
rature.
The process of bone demineralization is normally car-
ied out by immersing the sample in a variety of strong
nd/or weak acids. In the case of using HCl (the most
requently used acid), the major inorganic constituent of
one (hydroxyapatite) reacts to form monocalcium phos-
hate and calcium chloride (Horneman et al., 2004; Dorozhkin,
997). Bone samples are usually demineralized in 0.5–0.6M
Cl in order to remove bone mineral efﬁciently while
eaving the graft osteoinductive (Pietrzak et al., 2009). How-
ver, and as mentioned before, sometimes the objective of
one demineralization is just to provide a ﬂexible mate-
ial regardless of its osteoinductive potential, or an “inert”
atrix (containing no signiﬁcant amount of signal molecule
ontent) to be used in some clinical and research applica-
ions.
The kinetics of demineralization has been investigated
n samples with planar and cylindrical geometries, conﬁrm-
ng that this is a diffusive rate limited process with a sharp
dvancing reaction front (Lewandrowski et al., 1996, 1997;
ansen, 1974). Special emphasis has been given to the pen-
tration depth of this reaction front throughout the process,
ncluding its visual evaluation using SEM (Lewandrowski et al.,
997).
Despite the extensive use of demineralized bone allografts
n clinical practice as well as in tissue engineering appli-
ations, systematic works regarding their physico-chemical
roperties are relatively scarce regardless of being reported
hat these properties play a major role in the ﬁnal graft per-
ormance. The inﬂuence of structural elements as porosity
nd pore size, for instance, is recognized as an important
actor to promote cellular migration and adhesion in bone
rafts, enhancing its biointegration (Karageorgiou and Kaplan,
005).
The present study aimed to evaluate the effect of using
igh concentrations of hydrochloric acid ([HCl]≥0.6M) on the
emineralization rate and on the physical and chemical char-
cteristics of similar samples of human cortical bone under
lock form (as currently used in bone banking procedures).
or that purpose, the residual calcium content of the samples
as measured (by Atomic Absorption Spectroscopy) as a func-
ion of the immersion time, for each acid concentration tested,
nabling to evaluate the corresponding kinetic proﬁles. X-
ay Diffraction and Fourier Transform Infrared Spectroscopy
ere used to assess phase and chemical alterations. Finally,
he inﬂuence of acid concentration on structural and mor-
hological features of the specimens was examined by Light
nd Scanning Electron Microscopy, and quantiﬁed by Mercury
ntrusion with respect to porosity and pore size distribu-
ion.sign 8 9 ( 2 0 1 1 ) 116–124 117
2. Materials and methods
2.1. Bone samples
The starting material used in this study was a human femur
from a 39-year-old male donor, supplied by the bone bank
of Coimbra University Hospital (Portugal) (Judas et al., 2005).
The femoral diaphysis, with a length about 35 cm and around
4cm diameter, was transversely cut into 1 cm thickness slices
which were afterwards sectioned into four similar pieces. In
addition to these samples (1/4 slice), taken as reference in the
demineralization studies, some larger specimens (half slices)
were reserved for porosity analysis. It should be mentioned
that whenever trabecular bone was found inside the diaph-
ysis, it was carefully removed to obtain only compact bone
samples.
All samples were degreased through immersion in an alco-
hol series (ethanol at 70%, v/v), followed by washing with
distilled water. They were then kept in hydrogen peroxide
(30%, v/v) for at least 48h and rinsed again. Finally, they were
stored in formaldeyde solution (4%, v/v) at 4 ◦C.
Before use, the samples were thoroughly rinsed with dis-
tilled water and subsequently dried in a vacuum oven at 40 ◦C
until constant weight. Samples dry weight (referred to as “ini-
tial weight”) ranged from 1.6 to 2 g for the standard samples
to nearly 4 g for the larger samples (half slices).
Analytical grade type I collagen and hydroxyapatite, pur-
chased from Sigma–Aldrich (Portugal), were used to obtain the
corresponding FTIR spectra for comparison with control and
demineralized samples.
2.2. Demineralization procedure
The demineralization process started by placing each individ-
ual sample over a piece of gauze (to avoid contact with the
bottom of the bath) in 200 cm3 HCl aqueous solution, indepen-
dently of the samples weight and acid concentration (0.6M,
1.2Mand2.4M). For the lowest acid concentration, this volume
is at least four times in excess to that needed to demineralize
the sample (21 cm3 of 0.6M HCl are needed to demineralize
1 g of bone). For the other concentrations, the excess of acid is
much larger.
Each sample was withdrawn from the corresponding bath
at pre-determined immersion times (6h, 18h, 24h, 48h and
72h) and thoroughly washed in freezing water until neutral
pH. These samples were again dried in vacuum oven at 40 ◦C
until constantweight, to determine the respective ﬁnalweight
after demineralization.
2.3. Atomic Absorption Spectroscopy (AAS)
The calcium content of both the demineralized and the
non-demineralized samples was determined by AAS, which
required the previous removal of the bone organic matrix and
subsequent dissolution of themineral phase. For that purpose,
each sample was calcined at 700 ◦C for 24h and subsequently
dissolved with concentrated HNO3 at 80 ◦C. After dilution
to a convenient concentration (1–5ppm), the respective cal-
cium concentration was determined using a PerkinElmer 3300
model (at 422.7nm). The ﬁnal result is the average of three
independent measurements (each corresponding to 1/4 of
slice) with 0.95 conﬁdence level.
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Fig. 1 – DSC-TGA proﬁles from non-demineralized bone118 chemical engineering research
2.4. Thermal analysis
The control samples (natural cortical bone) were addition-
ally submitted toDifferential ScanningCalorimetry associated
to Thermal Gravimetric Analysis (DSC-TGA) using the model
Stanton Redford PL-STA 1500 from Polymer Laboratories. The
obtained data enabled detailed information about the sam-
ple thermal decomposition and about the relative proportions
of the bone matrix components (mineral, organic material
and water). Samples were previously reduced to powder form
(15–26mg), by hand grinding in a ceramic mortar and pestle,
and heated from 30 ◦C to 700 ◦C, at 10 ◦C/min, under oxidizing
atmosphere using 55ml/min ﬂux of air.
2.5. XRD—X-Ray Diffraction Spectroscopy
XRD was used to monitor the phase composition features of
the samples demineralized with 1.2M HCl at various immer-
sion times. The sample spectra were collected using a Phillips
diffractometer operating in the Bragg–Brentano conﬁguration
with Co K (=1.78897Å) radiation at a current of 35mA
and an accelerating voltage of 40kV. Spectra were recorded
in the range 10◦ <2 <100◦ at a scanning speed of 7◦/min
and step size of 0.02◦. The obtained X-ray patterns of the
samples were compared with the pattern given by hydroxyap-
atite and assignments were based on the corresponding data
from International Centre for Diffraction Data (ICDD; Pow-
der Diffraction File no. 09-0432). The samples were partially
reduced to powder form (∼500mg) before analysis.
2.6. FTIR—Fourier Transform Infrared Spectroscopy
FTIR was used to investigate alterations in the samples chem-
ical composition caused by the demineralization process.
Samples were reduced to powder form by scratching its sur-
face (using about 10mg per analysis). The resulting spectra
were further compared with that from type I collagen, anal-
ysed using the same equipment. Occasionally, it was found
necessary to examine the inner section of the samples in
order to evaluate the progression of the demineralization reac-
tion front. In these cases, the samples were fractured and the
powder removed from its interior was subsequently analysed.
The FTIR spectra were recorded in the range 400–4000 cm−1 in
increments of 1.928 cm−1, using the Magna FR-750 spectrome-
ter from Nicolet in the attenuated total reﬂection (ATR) mode.
Each spectrum was collected at room temperature at a nomi-
nal resolution of 4 cm−1 and the number of sample scans was
32.
2.7. Mercury porosimetry
Mercury porosimetry was used to measure the porosity and
pore size distribution of the larger samples (half slices) dem-
ineralized for 24h in different HCl solutions (0.6M, 1.2M
and 2.4M). Duplicate measurements were performed. A third
sample was additionally used when the measured porosities
differed by more than 5%. The reduced number of sam-
ples analysed by mercury intrusion (only those corresponding
to 24h) results from the relatively large quantity of sam-
ple needed for this technique (in comparison to the others
used in this study) and, naturally, from the limited amount
available. The porosimeter used was the Poresizer 9320 from
Micromeritics and the pressure range varied between 0.5psi
and 30,000psi, which enabled the measurement of pore diam-samples, obtained under air atmosphere conditions.
eters between 400m and 0.006m, respectively. Porosity was
determined from the difference of the volumes of mercury
intruded in the sample structure at these two extreme pres-
sures. From the pressure versus intrusion data the equipment
automatically generates cumulative and differential pore size
distributions (based on the Washburn equation) (Lowell and
Shields, 1991). Additionally, this technique enables the calcu-
lation of the bulk and skeletal densities, corresponding to the
volumes measured at the lowest and the highest intrusion
pressures, respectively. It should be stressed that the sam-
ple bulk volume includes almost all open pores whereas the
skeletal density only includes pores smaller than the lower
detection limit of the equipment (6nm in the present case)
(Lowell and Shields, 1991). The knowledge of these parameters
is relevant, for instance,when the objective is to substitute one
material by another with identical weight characteristics.
2.8. Microscopy
Morphologic and microstructural analysis of the control and
of the totally demineralized samples (70h immersion in 1.2M
HCl) was performed using Light Microscopy and Scanning
Electron Microscopy (SEM).
Light microscopy was performed using a Nikon Optiphot
equipment. The surface lying in the plane perpendicular to
the long axis of bone samples was polished using increasing
grades of silicon carbide paper and ﬁnished with both 3m
and 0.25m diamond suspension.
SEM observations were carried out in a Philips XL30 micro-
scope operating at 5–15kV. The test samples were mounted on
a double-coated carbon conductive tape and copper sputter
coated.
3. Results and discussion
3.1. Thermal analysis
DSC-TGA results of the non-demineralized sample, obtained
under oxidizing conditions, between ambient temperature
and 700 ◦C, are shown in Fig. 1.
The combined analysis of the thermogram (TGA curve) and
the heat ﬂow proﬁle (DSC curve) indicates that the ﬁrst weight
loss (8%) occurs between 20 ◦C and 200 ◦C (peak at 108 ◦C) and
corresponds to an endothermic process. The second weight
chemical engineering research and design 8 9 ( 2 0 1 1 ) 116–124 119
Fig. 2 – Residual calcium content (%) as a function of the






































Table 1 – K values of Eq. (1) and corresponding R2.
[HCl] (mol/dm3) K (h−1) R2
0.6 0.811 0.9889
1.2 1.655 0.9847
diffraction peaks, namely at 2 =30.2◦, 37.1◦, 46.6◦, 54.8◦, 58.2◦
and 62.7◦, correspond to the most intense characteristic peaksCl (0.6M, 1.2M and 2.4M).
oss (27%) derives from exothermic reactions (peaks at 370 ◦C
nd 460 ◦C). These losses correspond, respectively, to the
ehydration of the sample and to the decomposition of col-
agen and other residual organic components associated to
his molecule (Lim, 1975; Peters et al., 2000; Mkukuma et al.,
004). These results show that the mineral content of bone
s 65%. Considering that the mineral part of bone is essen-
ially hydroxyapatite (Ca10(PO4)6(OH)2), the calcium content
f non-demineralized samples can then be estimated as 26%
0.40×0.65). However, it is frequently mentioned that bioap-
tites are usually calcium deﬁcient due to the substitution of
ome ions in the crystal lattice (Lim, 1975; Peters et al., 2000;
kukuma et al., 2004).
.2. Kinetics of demineralization
s mentioned above, Atomic Absorption Spectroscopy (AAS)
as used to assess the calcium content of the samples. In the
ase of the control sample (non-demineralized) the calcium
ontent was determined as 26%, in excellent agreement with
he value estimated from thermal analysis.
From the residual calcium content of the partially dem-
neralized samples, at various immersion times and using
istinct acid concentration, it was possible to determine the
orresponding kinetic proﬁles. In these proﬁles, the non-
emineralized sampleswere takenas reference, and thus their
esidual calcium content was taken as 100%.
The kinetic proﬁles representing the demineralization pro-
esses using initial concentrations of 0.6M, 1.2Mand2.4MHCl
from 0h to 72h) are illustrated in Fig. 2 and can be described
y a linear equation (Eq. (1)) of the type:
= 100 − Kx (1)
here y is the residual calcium percentage, x is the immer-
ion time expressed in hours and K (the slope) is a constant.
he values of K, representing the rate of demineralization, are
isted in Table 1 together with the corresponding Coefﬁcient
f Determination (R2).
As expected, the higher the acid concentration, the larger
s the demineralization rate. Moreover, after 24h immersion,
he only sample that contains a residual calcium percentage
ess than 50% is the one treated with 2.4M HCl. However,2.4 2.558 0.9974
as Fig. 2 and Table 1 show, the decrease in the calcium con-
tent is more pronounced when the initial HCl concentration
increases from 0.6M to 1.2M than when this concentration
is increased from 1.2M to 2.4M (K value nearly doubled in
the ﬁrst situation whereas in the latter only an increase of
50% was observed). These ﬁndings are in agreement with the
work of other authors that reported that the diffusion coef-
ﬁcient decreased signiﬁcantly for higher acid concentration
(>1N) (Horneman et al., 2004). The explanation given was that
higher proton concentration originates higher concentration
of all the ions, resulting inhigher friction forces between them,
which in turn lower the increase of the demineralization rate.
Other authors, however, attribute the reduction in diffusivity
to the alteration of collagen and other bone matrix proteins,
which progresses with immersion time and acid concentra-
tion (Lewandrowski et al., 1996).
3.3. XRD
X-Ray Diffraction Spectroscopy was used to qualitatively eval-
uate the phase composition of bone samples throughout
demineralization with 1.2M HCl. The evolution of XRD pat-
terns with demineralization time (0h, 12h, 24h and 48h) is
illustrated in Fig. 3, together with the spectrum of hydroxyap-
atite.
Thediffractogramof the control sample (0h) presents some
distinct diffraction peaks, attributed to the mineral phase,
superimposed on a broad band indicating an amorphous
phase that corresponds to the organic component of bone
(type I collagen), as conﬁrmed by FTIR in Section 3.4. TheFig. 3 – DRX of hydroxyapatite and of bone samples after
different immersion times (0h, 12h, 24h and 48h) in 1.2M
HCl.
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Fig. 4 – Comparison of the FTIR spectra of
non-demineralized cortical bone, hydroxyapatite and
Fig. 5 – FTIR spectra of collagen and of bone samples after
that occur at 557 cm and 1012 cm (with a shoulder atcollagen.
of hydroxyapatite being respectively assigned to the follow-
ing Miller plans: (0 0 2), (2 1 1), (3 1 0), (2 2 2), (1 2 3) and (0 0 4)
(Danilchenko et al., 2002, 2004).
The evolution of XRD patterns with demineralization time
is consistent with major phase differences detected in the
analysed samples: from a poorly crystalline (t=0h) to com-
pletely amorphous (t=48h). After 12h demineralization, only
the most intense peaks from hydroxyapatite ((0 0 2) and (2 1 1))
could still be observed, whereas the others could not be clearly
distinguished from the broad band of the amorphous phase. In
addition to the decrease of the relative intensity of all diffrac-
tion lines (denoting the progressive decrease in the mineral
content), a slight broadening of the (2 1 1) peak, in particular,
was also observed. This is consistent with the decrease of the
crystallinity of the hydroxyapatite, aswell as of the crystal size
(Danilchenko et al., 2004). At 24h, the (2 1 1) peak was barely
Fig. 6 – FTIR spectra from the outer (left) and inner (right) section
different periods of time (0h, 12h, 24h, 48h, from top to bottomimmersion in 0.6M and 2.4M HCl for 6h, 24h and 48h.
detectable and after 48h, the diffractogram only revealed a
broad band.
However, according to the kinetic data (Fig. 2), after 48h
immersion in 1.2M HCl, the sample still contains 20% resid-
ual calcium relative to the control sample. This corresponds
approximately to 5% calcium content (or 12.5% hydroxyap-
atite) in the sample total weight. Such low content may justify
the non-detection of peaks from the mineral. In addition, the
absence of the diffraction lines may also be due to the deteri-
oration of the crystal lattice.
3.4. FTIR
FTIR was used to determine the chemical composition of bone
samples before and after demineralization. The direct com-
parison of the spectra of the control sample with the spectra
of hydroxyapatite and collagen (Fig. 4) conﬁrm the dual-phase
composition of natural bone. In fact, the most intense bands
−1 −1961 cm−1) are originated by phosphate stretching vibrations
from the mineral component, whereas most bands above
s of the bone samples demineralized in 1.2M HCl for
).



























































Fig. 7 – Cumulative mercury intrusion curves of the control
sample and of the samples demineralized after 24h
immersion in 0.6M, 1.2M and 2.4M HCl.chemical engineering research a
500 cm−1 are assigned to vibrations from the amide groups
rom collagen (Mkukuma et al., 2004; Chang and Tanaka, 2002;
urugan et al., 2006). The peak around 3570 cm−1 corresponds
o OH− vibrations. Carbonate substitutions in the apatitic lat-
ice of bone originate a peak at 871 cm−1 and a double band in
he 1300–1450 cm−1 region (Rey et al., 1989).
The bone samples submitted to HCl demineralization
nder different experimental conditions were analysed by
TIR to monitor the consequent changes in their chemical
omposition. Fig. 5 shows the FTIR spectra of bone sam-
les after demineralization with HCl for the two extreme
cid concentrations (0.6M and 2.4M) and for periods of 6h,
4h and 48h. The collagen spectrum was used for compari-
on. The absence of PO43− bands and the similarity between
hese spectra and that from collagen suggests the complete
emineralization of all samples for all the immersion times,
ndependently of the acid concentration. This is deﬁnitely
ot compatible with the kinetic results. In fact, for immer-
ion times up to 48h in 0.6M acid solution, samples still
ontain more than 50% residual calcium. The absence of
he hydroxyapatite peaks, especially for the lower immer-
ion times and/or lower acid concentrations, can, however, be
xplainedby the fact that these spectra correspond to thepow-
er that was removed from the outer surface of the samples.
ince demineralization starts at the surface, the absence of
he hydroxyapatite characteristics bands in the spectra of Fig.
was to be expected.
Moreover, these results suggest that an increase in acid
oncentration does not signiﬁcantly affect the structure and
omposition of the collagen remaining in the demineralized
amples.
In order to further examine the progression of the dem-
neralization, a complementary study was performed with the
amples decalciﬁed in 1.2MHCl. After immersion for 12h, 24h
nd 48h, these samples were further fragmented to expose
heir interior. The fragments collected from their inner section
ere subsequently analysed by FTIR and comparedwith those
f the outer section (Fig. 6). These results support the concept
f a diffusion model and agree with the proposed theory of
he unreacted core during demineralization (Horneman et al.,
004; Lewandrowski et al., 1996). In fact, the obtained spec-
ra clearly show that, for the outer sections, the bands from
ydroxyapatite are no longer detected after 12h immersion,
hereas for the inner sections, those bands only vanish after
8h. Nonetheless, and as mentioned in the discussion of the
RD results, the latter samples still contain a small amount of
alcium (<5%).
.5. Mercury porosimetry
he main purpose of using mercury intrusion was to quantify
he inﬂuence of the acid on the porosity/pore size distribu-
ion of the partially demineralized bone samples. The results
btained for 24h immersion in 0.6M, 1.2M and 2.4M HCl
re illustrated in Fig. 7. In this ﬁgure, the cumulative intru-
ion curves of the samples tested are compared with the
ontrol sample (non-demineralized). As it can be seen, all
urves present a similar proﬁle, reﬂecting a signiﬁcant intru-
ion of mercury in pore diameters between 300m and 10m
corresponding mostly to vascular porosity, that is, Harver-
ian and Volkman Canals; Rho et al., 1998), followed by a
ange of no intrusion (plateau) and then another intrusion,
lthough small, for pores smaller than 0.01m. The lat-ter pores correspond to spaces between collagen ﬁbres and
apatite crystals (the so called collagen-apatite porosity; Rho et
al., 1998; Cardoso et al., 2007).
Nonetheless, the total intrusion volumes (related with
porosity) present different values, depending upon the acid
concentration (Table 2). As expected, the control sample cor-
responds to the lowest value of the intruded volume and
the sample demineralized with 2.4M HCl exhibits the highest
value. In between are the curves corresponding to the sam-
ples immersed in 0.6Mand1.2M,which show little differences
between them regarding mercury intrusion.
As mentioned before, intruded volume and porosity are
not the only parameters measured by mercury porosimetry.
Table 2 lists, in addition to mercury intruded volume, the val-
ues of bulk and skeletal density. The bulk density, deﬁned as
the ratio of the sample mass to the bulk volume, includes
most sample pores. Similarly, the skeletal density corresponds
to the skeletal volume, measured at the maximum intrusion
pressure. For that, skeletal volume only includes the pores
with apertures smaller than the lower limit of detection of
the porosimeter used. Thus, the values measured for the bulk
density are smaller than those of the skeletal density. The
bulk density measured for the non-demineralized sample is
in excellent agreement with the value reported for femoral
cortical bone (1.85) (Karageorgiou and Kaplan, 2005).
In order to validate the measured skeletal densities, these
were compared with the corresponding theoretical values
based on the mineral and organic contents of the samples.
These theoretical values (also reported on Table 2) were esti-
mated considering the density of hydroxyaptite as 3.16 and
that of the collagen and water as 1.0.
The analysis of these values leads to the following conclu-
sions: (i) a signiﬁcant increase was found for the porosity of
the sample immersed in HCl 2.4M (about 70%) relatively to the
control sample (non-demineralized); (ii) for the lower acid con-
centrations, smaller and comparable increments were found
(about 33% and 40%, respectively for HCl 0.6M and 1.2M); (iii)
the same trendwas observed for both the bulk and the skeletal
densities; (iv) the skeletal densities are in excellent agreement
with the theoretical values estimated from the sample com-
position; this proximity not only conﬁrms the adequacy of
the technique but also reveal that the amount of unmeasured
pores (<3nm) is not signiﬁcant.
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Table 2 – Results from mercury porosimetry (intruded volume, total porosity, bulk and skeletal density) for the bone
samples demineralized for 24h using 0.6M, 1.2M and 2.4M HCl. Additionally, the values of the corresponding
theoretical densities, estimated from the samples composition, are presented.
Parameter Non-demineralized (control samples) Demineralized samples in HCl
0.6M 1.2M 2.4M
Intruded volume (cm3/g) 0.032 0.049 0.050 0.085
Porosity (%) 6.20 8.25 8.70 10.60
Bulk density 1.89 1.72 1.66 1.25
Skeletal density 2.02 1.90 1.81 1.39
Theoretical densitya 2.37 2.09 1.70 1.34
a Values estimated considering the density of hydroxyapatite as 3.16 and that of collagen and water both as 1.0. The composition of the control
sample was taken as 65% hydroxyapatite and 35% water and collagen. The mineral contents of the partially demineralized samples were
considered as 52%, 33% and 16%, respectively, for 0.6M, 1.2M and 2.4M HCl. These values were calculated from the experimentally determined
ral papercentages of the samples residual calcium, considering the mine
3.6. Microscopy
Close examination of the fracture surfaces of the samples,
before and after demineralization, was conducted to investi-
gate the effects of the acid on the structural features of cortical
Fig. 8 – Light (a) and electron (b and c) photomicrographs of
non-demineralized cortical bone matrix showing the
microstructural organization of osteons composed of
concentric lamellae around the Haversian Canal. Lacunar
spaces and canaliculi are also visible.rt of these samples as hydroxyapatite.
bone (Figs. 8 and 9). As mentioned before, samples were visu-
alized in a direction perpendicular to the long axis of the bone.
The images from the control samples (Fig. 8) clearly illus-
trate the basic structural unit of cortical bone (Haversian
System), composed of concentric lamellae around a central
canal (Haversian Canal). Numerous osteocyte lacunar spaces,
Fig. 9 – Light (a) and electron (b and c) images of
demineralized bone samples (70h in 1.2M HCl). Most
osteons present a structural deformation with irregular and
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ntrapped in the lamellae and some canaliculi are also evi-
ent.
After the demineralization process, the basic microstruc-
ure of cortical bone matrix was preserved. Nevertheless,
everal morphological alterations were observed (Fig. 9). In
act, demineralized samples exhibited a certain degree of
hrinkage, illustrated by a higher number of osteons per
nit area (Fig. 9a). Structural deformation of most lamellae
Fig. 9a–c) and an increase in the diameter of the Haversian
anals was also evident (Fig. 9b). This is a consequence of the
cidic removal of the apatite which causes the bone to lose
ost of its hardness and compressive resistance, leading to
he deformation and collapse of the lamellae (Rho et al., 1998).
The preservation of the basic microstructure is consistent
ith the similar shape of the intrusion curves obtained from
orosimetry for the control as well as for the demineralized
amples (Fig. 7). Moreover, the increase in porosity measured
y mercury intrusion for the demineralized samples (Table 2)
s correlated to the increase in the diameter of the canals
bserved for these samples by microscopy.
. Conclusions
he above results clearly show the modiﬁcations caused by
he different demineralization procedures with respect to
cid concentration. The ﬁrst, and expected, conclusion was
hat the higher the initial acid concentration the higher the
emineralization rate. Nonetheless, from the linear kinetic
roﬁles, it could be concluded that this rate is not directly
roportional to theHCl concentration: a relatively larger incre-
ent was observed when HCl was increased from 0.6M to
.2M than that foundwhen the concentrationwas varied from
.2M to 2.4M.
XRD spectra have shown the evolution of bone phase com-
osition with the immersion time, from a low crystalline
aterialwith a dual-phase composition to a completely amor-
hous structure. The gradual decrease in the intensity of
he hydroxyapatite peaks and the broadening of their width
re consistent with the removal of the mineral from the
one matrix and with the crystal lattice degradation. How-
ver, it should be pointed out that the absence of the typical
ydroxyapatite peaks does not necessarily indicate the total
emineralization of the bone samples.
Since FTIR provided information about local chemical com-
osition of the bone samples (internal and external surfaces),
t was possible to conﬁrm the diffusional character of the
emineralization process. Despite all the FTIR spectra of the
artially demineralized samples surface being similar and
dentical to that of the pure collagen, it would be interesting
o investigate whether the collagen ﬁbrils of the sample sub-
ected to the highest acid concentrations were, to any extent,
eteriorate. FTIR did not seem to be sensitive enough to eluci-
ate this point, neither to detect hydroxyapatite peaks in low
alcium contents samples.
As for the structural modiﬁcations, mercury intrusion
evealed that the highest acid concentration resulted in the
ighest sample porosity and, consequently, in the lowest val-
es of bulk and skeletal densities. Curiously the samples
mmersed in 0.6 and1.2MHCl exhibited very similar structural
eatures.Microscopic observations not only conﬁrmed the existence
f pores in the range of the mercury intrusion curves for the
ontrol and demineralized samples, but also illustrated thesign 8 9 ( 2 0 1 1 ) 116–124 123
preservation of the basic structure of bone after demineral-
ization, in spite of signiﬁcant morphological alterations.
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